1. Introduction {#sec0001}
===============

Aminopeptidase N (APN), a zinc-dependent type II membrane-bond ectopeptidase, is widely expressed in hematopoietic cells of myeloid origin and non-hematopoietic cells and tissues, such as fibroblasts, brain cells and epithelial cells of the liver, kidney, and intestine [@bib0001], [@bib0002], [@bib0003], [@bib0004], [@bib0005]. *In vivo*, APN is involved in the metabolism of angiotensin III in the degradation of nociceptin, in the brain and peripheral organs and in the inactivation of enkephalins, in association with neutral endopeptidase NEP [@bib0006], [@bib0007], [@bib0008]. Moreover, this enzyme has been proved to behave as a receptor for coronaviruses TGEV and 229E in humans and pigs, and to be identical to a human lymphocyte surface cluster differentiation antigen CD13 [@bib0009], [@bib0010], [@bib0011]. APN has been also reported to play a vital role in the invasion of metastatic tumors *in vitro* [@bib0012], [@bib0013]. All these findings make APN an important target for therapeutic applications, which require the development of selective and potent inhibitors [@bib0014].

Since the first marketed anti-APN drug bestatin has been launched in 1976, more and more APN inhibitors such as probestin, lapstatin and AHPA-Val that have displayed efficient inhibitory ability, have been reported [@bib0001]. Bestatin and amastatin have been the most extensively studied. However, recently the clinical use of these APN inhibitors, has been limited due to their low selectivity and important drug resistance [@bib0014], [@bib0015].

Though many different APN inhibitors have been synthesized and experimentally assessed, there is no information available regarding the discovery of structurally novel leads up to date. Thus, it is important to develop new small molecule inhibitors with novel modes of action. The development of such kind of drug is focused on how to design novel APN inhibitors. Chemical feature-based pharmacophores and virtual library screening may serve as a guide in the design of novel lead candidates. This study aims to construct the chemical feature-based pharmacophore model and identify novel scaffolds with the potential to turn as the new category of APN inhibitors.

In our study, we have successfully used pharmacophore modeling, database screening and molecular docking approach to identify lead candidates with potent inhibitory activities. Pharmacophore models were generated by structure- and common feature-based approach. The pharmacophore models were validated with a database of active and inactive compounds and used as a 3D structural search query to find new potent leads from the database. The binding free energy and molecular interactions with the active site residues were considered as important components to identify the potential leads.

2. Materials and methods {#sec0002}
========================

2.1. Structure based approach {#sec0003}
-----------------------------

The high-resolution crystal structure of human aminopeptidase N (CD13) (PDB ID: 4FYR, 1.91 Å) in complex with bestatin was chosen to generate a structure-based pharmacophore model that can determine the important pharmacophoric features for ligand binding. Binding Site Analysis tool available in Discovery Studio 2.5 (DS 2.5; Accelrys, Inc., San Diego, CA, USA), version 2.5, from Accelrys (San Diego, USA) has been used to create a sphere with a radius that comprises all the catalytically important amino acid residues in the ligand-binding pocket [@bib0016]. The Interaction Generation protocol implemented in DS was used to identify hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), hydrophobic (HY) and ring aromatic (RA) features based on the active site residues that are inside the sphere. These features were then clustered and the most representative features were selected and included in the pharmacophore model (Pharmacophore-A).

2.2. Establishment of the common feature-pharmacophore {#sec0004}
------------------------------------------------------

The selection of a suitable training set is essential for the quality of automatically generated pharmacophore models. A set of 7 structurally diverse aminopeptidase-N inhibitors were selected from literature [@bib0017], [@bib0018], [@bib0019], [@bib0020], [@bib0021], [@bib0022], [@bib0023] as the training set to establish the common feature-based pharmacophores. The 2D chemical structures of selected molecules were draw manually using ChemDraw (CambridgeSoft, Cambridge, MA) and subsequently exported to DS. All compounds were minimized to the closest local minimum based on the Charmm-like force field (DS). The HipHop module available in DS was employed to establish the pharmacophore. For the calculation setup, two ligand properties have to be specified. The first property is the principal value that defines the activity level of the molecule. A principal value of 2 indicates all chemical features of a reference compound are considered in building the pharmacophore space during model generation. The second ligand property to define is the MaxOmitFeat value that specifies how many features are allowed to miss for each compound. A MaxOmitFeat value of 1 allows that all but one of the features in the generated pharmacophore must map the molecule. Compounds 1--2 were assigned a principal value of 2 and a MaxOmitFeat value of 0, respectively, while compounds 3--7 were given principal and MaxOmitFeat values of 1. On the basis of an analysis of the chemical features present in the training set structures, hydrogen bond donor, hydrogen bond acceptor, and hydrophobic features were selected for this study. A maximum number of 255 and an energy threshold of 10 kcal/mol above the energy minimum for conformation searching were set for each compound by using Best conformation generation option. Among the 10 possible hypotheses returned, the top ranked hypothesis (Pharmacophore-B) was selected and validated by the Güner--Henry (GH) scoring method.

2.3. Validation and database searching {#sec0005}
--------------------------------------

An external database contains 1100 compounds \[[@bib0001], [@bib0014], [@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028]\] structurally different from the training set molecules. These compounds in the database were used as a test set to validate the discriminative ability of the best pharmacophore model in distinguishing active compounds from the inactive ones. All queries were performed using Ligand Pharmacophore Mapping protocol. The Güner--Henry (GH) scoring method was applied to quantify model selectivity precision of hits and the recall of actives from a dataset containing known actives and inactives. This method includes the percent ratio of actives in the hit list (%*A*, precision), the percent yield of actives in a database (%*Y*, recall), the GH score, and the enrichment factor (*E*). The high is the *E* value the great is the ability of a pharmacophore in identifying the active compounds. The GH test score ranges from 0 to 1, where a score close to 1 indicates an ideal model. The following is the proposed metrics for analyzing hit lists by a pharmacophore model-based database search: $$GH = \left( \frac{Ha\left( {3A + Ht} \right)}{4HtA} \right)\left( {1 - \frac{Ht - Ha}{D - A}} \right).$$

*A*, the number of active compounds in the database; *D*, the number of compounds in the database; *Ha*, the number of actives in the hit list (true positives); *Ht*, the number of hits retrieved; %*Y*, the percentage of known actives in the hit list (recall); %*A* is the percentage of known active compounds retrieved from the database (precision); GH is the Güner--Henry score and *E*, the enrichment of the concentration of actives by the model relative to random screening without any pharmacophoric approach [@bib0029], [@bib0030], [@bib0031], [@bib0032], [@bib0033], [@bib0034]. To identify novel hit compounds, the validated pharmacophore model was used as 3D query to screen our in-house database with 35,000 compounds. Ligand Pharmacophore Mapping protocol was applied in database screening. Finally, the retrieved compounds were selected based on with a fit value higher than 3, the binding free energy and molecular interactions with the key amino acids at the active site.

2.4. Molecular docking {#sec0006}
----------------------

The Molecular Operating Environment (MOE) program, version 2008 (Chemical Computing Group Inc, Montreal, Quebec, Canada) was used to perform all molecular docking calculations. The docking compounds were built using the MOE builder interface and subjected to energy minimization and the partial charges were computed using MMFF94x force field [@bib0035]. The crystal structure of APN (PDB ID: 4FYR) was prepared for the docking studies where: (i) hydrogen atoms were added to the structure with their standard geometry; (ii) the partial charges were computed using Amber99 force field [@bib0035]. The active site was defined with a 6.5 Å radius around the bound inhibitor (bestatin) in the crystal structure of APN. Molecular docking calculations were done using Triangle Matcher placement method with London dG scoring. Based on the binding mode and molecular interactions observed in the active site, the final hits were selected.

2.5. *In vitro* APN inhibition assay {#sec0007}
------------------------------------

The IC~50~ values against APN were determined by using l-Leu-p-nitroanilide as substrate and Microsomal aminopeptidase from Porcine Kidney Microsomes as enzyme in 50 mM PBS (pH 7.2). After adding the detected compounds, the solution with various concentrations was incubated with APN at 37 °C for 5 min. Then the solution of substrate was added into the above mixture, which was incubated for another 30 min at 37 °C. The hydrolysis of the substrate was measured by following the change in the absorbance monitored at 405 nm with a plate reader (Varioskan, Thermo, USA).

3. Results and discussion {#sec0008}
=========================

A workflow overview of this study including pharmacophore modeling, selection of compounds, and biological testing is provided in [Fig. 1](#fig0001){ref-type="fig"} .Fig. 1A workflow overview of pharmacophore modeling, selection of compounds, and biological testing.

3.1. Structure based pharmacophore generation {#sec0009}
---------------------------------------------

In the present work, the final clustered pharmacophore (Pharmacophore-A) was generated using a structure-based modeling approach. This pharmacophore model was basically composed of one hydrogen-bond acceptor (HBA) and two hydrogen-bond donor (HBD) features. The 3D space and distance constraints of these features are shown in [Fig. 2](#fig0002){ref-type="fig"} A. To further include additional information on size and shape of the bestatin-binding pocket of APN, a shape constraint was added to the chemical features of the pharmacophore Hypo1. As displayed in [Fig. 3](#fig0003){ref-type="fig"}, the carbonyl group of bestatin that formed very important interactions with a zinc ion and Tyr477 in the binding site of APN overlaid the HBA feature of pharmacophore-A. In addition, the hydroxyl group of this molecule showing an ionic interaction with the zinc ion mapped one HBD feature, while the amino group that enabled considerable interactions with water molecules mapped the other HBD feature. The result indicated a fairly good mapping of bestatin on pharmacophore-A with the shape constraint. However, it is also implied that the pharmacophore-A may be utilized to only screen the compounds that have a chemical structure with functional groups closely related to those of bestatin. Thus a qualitative pharmacophore model (a common feature-based model or HipHop algorithm) was very necessary to identify structurally novel leads different from the bestatin.Fig. 2Generated pharmacophore models with distance constraints. (A) Structure-based pharmacophore (Pharmacophore-A); (B) common feature pharmacophore (Pharmacophore-B). Pharmacophore features are color-coded: cyan, hydrophobic (HY); magenta, hydrogen-bond donor (HBD); green, hydrogen-bond acceptor (HBA). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Common feature pharmacophore generation {#sec0010}
--------------------------------------------

A qualitative pharmacophore model for APN inhibitors was developed using the HipHop algorithm of DS. Based on the principle of structural diversity, the seven most representative APN inhibitors ([Fig. 4](#fig0004){ref-type="fig"} ) were selected to be used as a training set in common feature pharmacophore modeling study. All of them have the hydroxyl or carbonyl group as metal (zinc ion) binding region, and a long hydrophobic spacer to bind with the hydrophobic residues in the bestatin-binding site of APN. Ten common feature pharmacophore models were generated using this training set where all of them had similar number of pharmacophoric features "five features" ([Table 1](#tbl0001){ref-type="table"} ) yet various orientations and vector directions. Top ranked pharmacophore (Pharmacophore-B) with three hydrogen-bond acceptor (HBA) and two hydrophobic (HY) features was chosen as a best pharmacophore model ([Fig. 2](#fig0002){ref-type="fig"}B).Fig. 3Interaction analysis. (A) 2D interaction diagram for the binding site of APN with the bound inhibitor (bestatin). (B) Overlay of the bestatin upon pharmacophore-A with a shape constraint. Pharmacophore features are color-coded: magenta, hydrogen-bond donor (HBD); green, hydrogen-bond acceptor (HBA). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4Training set compounds with IC~50~ values used in common feature pharmacophore generation.Table 1Results of common feature pharmacophore generation.HyposFeaturesRankDirect hitPartial hitMax. fit1HY HY HBA HBA HBA68.8661110111000100052HY HY HBA HBA HBA67.9271110111000100053HY HY HBA HBA HBA67.4841110111000100054HY HY HBA HBA HBA67.3121110111000100055HY HY HBA HBA HBA67.3121110111000100056HY HY HBA HBA HBA67.0121110111000100057HY HY HBA HBA HBA66.8391110111000100058HY HY HBA HBA HBA66.7351110111000100059HY HY HBA HBA HBA66.73511101110001000510HY HY HBA HBA HBA66.213111011100010005

3.3. Validation and database searching {#sec0011}
--------------------------------------

An internal database including 1100 compounds was used for the validation process. This database has been created with 1030 inactive compounds and 70 inhibitors with known experimental activity. To validate the ability to distinguish the actives from inactive compounds, the two pharmacophores A and B were used as a 3D query to screen the internal database using Ligand Pharmacophore Mapping protocol in DS. A set of statistical parameters such as total hits (*Ht*), % ratio of actives, % yield of actives, enrichment factor (*E*), false negative, false positives, and goodness of hit score (*GH*) were calculated ([Table 2](#tbl0002){ref-type="table"} ). Pharmacophore-A showed an *E* value of 12.29 by mapping 61 active molecules from the 78 screened compounds from the database. The *E* value for pharmacophore-B was 13.57 as it has retrieved 57 active compounds among 66 screened molecules from the total of 1100 compounds. The higher is the *E* value, the greater is the ability of a pharmacophore in identifying the active compounds. This validation results showed that both pharmacophore models A and B were very efficient for database screening. When GH score is higher than 0.7, the model is very good. It was observed to be 0.79 and 0.84 for the pharmacophores A and B, which indicates a good ability to distinguish the active compounds from the inactive ones.Table 2Validation results for the two generated pharmacophore models.ParameterPharmacophore-APharmacophore-BTotal molecules in database (*D*)11001100Total number of actives in database (*A*)7070Total hits (*Ht*)7866Active hits (*Ha*)6157% Yield of actives\[(*Ha*/*Ht*) × 100\]78.21%86.36%% Ratio of actives \[(*Ha*/*A*) × 100\]87.14%81.42%Enrichment factor (*E*) \[(*Ha* × *D*)/(*Ht* × *A*)\]12.2913.57False negatives \[*A*-*Ha*\]913False positives \[*Ht*-*Ha*\]179Goodness of hit score (*GH*)^a^0.790.84[^1]Fig. 5Molecular overlay of the docking and original positions of the bound inhibitor (bestatin) in the active sits of APN. The compounds are color-coded: yellow, the docking position of bestatin; cyan, the original position of bestatin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6Pharmacophore mapping of six hits. (A) Hits 1 and 4--6 mapped on pharmacophore-A; (B) hits 2 and 3 mapped on pharmacophore-B. Pharmacophore features are color-coded: cyan, hydrophobic (HY); magenta, hydrogen-bond donor (HBD); green, hydrogen-bond acceptor (HBA). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The two validated pharmacophore models were used as a query to screen our in-house database consisting of 35,000 compounds. As a result, 465 molecules were selected to be screened by the models A and B. To reduce the number of false positives and false negatives, the 71 retrieved compounds with a fit value higher than 3 were further subjected to docking studies.

3.4. Molecular docking {#sec0012}
----------------------

A molecular docking study could provide more insight into understanding the protein--ligand interactions and the structural features in the active site of protein. Beginning of the docking, it is very necessary to validate the docking reliability. The ligand (bestatin) of the crystal structured APN--bestatin complex (PDB ID: 4FYR) was adopted as a template to perform the validation. The ligand bestatin was flexibly redocked to the binding site of APN and the docking conformation corresponding to the lowest energy score was selected as the most probable binding conformation. As a result, the redocked bestatin was almost at the same position in the active site of the crystal of APN complex, suggesting a high docking reliability of Triangle Matcher placement method with London dG scoring ([Fig. 5](#fig0005){ref-type="fig"}). Therefore, the docking protocol could be extended to search the binding conformations of the retrieved hits from the database.

To further refine the retrieved hits and also to remove the false positives, the 71 retrieved compounds were docked into the bestatin-binding site of APN using the validated docking parameters. Upon visual inspection of 10 top ranked compounds, six hits showing key interactions with the zinc ion were selected for biological validation.

3.5. Biological activities of retrieved molecules from databases {#sec0013}
----------------------------------------------------------------

To validate the reliability of two generated pharmacophore hypotheses, all the hits (hits 1--6) were tested for *in vitro* inhibition activity against APN. The biological activity testing results are reported as % inhibition and are shown in [Table 3](#tbl0003){ref-type="table"} . Hits 2 and 3 selected by pharmacophore-B ([Fig. 6](#fig0006){ref-type="fig"}A) exhibited more than 70% inhibition of APN, while hit 1 selected by pharmacophore-A ([Fig. 6](#fig0006){ref-type="fig"}B) inhibited 56% of APN; none of hits 4--6 selected by pharmacophore-A displayed APN inhibition more than 50%. The two hits retrieved by pharmacophore-B showed higher activities than hits retrieved by pharmacophore-A. Based on all of these data, pharmacophore-B with two hydrophobic and three hydrogen bond acceptor features is chosen as a good representative computer-generated model for identifying new APN inhibitors.Table 3Hits selected for biological validation: Docking scores, fit values and APN inhibition at 60 μmol/L concentration.HitsStructureDocking score (kal/mol)Pharmacophore (fit value)% InhibitionAB![](fx1.gif)1−15.95683.479256%![](fx2.gif)2−17.50954.942971%![](fx3.gif)3−17.78414.958689%![](fx4.gif)4−15.80063.1543\<50![](fx5.gif)5−15.26293.1351\<50![](fx6.gif)6−15.20663.0792\<50![](fx7.gif)Bestatin75%

As shown in [Table 3](#tbl0003){ref-type="table"}, the activity profile of six hits correlate with the fit values computed from the hypothesis and the docking sores. The most active hits are found to have a high docking score and fit value. Among four hits identified by pharmacophore-A, hit 1 showed the best inhibition rate (56%), fit value (3.4792), and docking score (−15.9568). Similarly, hit 3 screened by pharmacophore-B, displayed a stronger inhibition (89%), higher fit value (4.9586) and better docking score (−17.7841 kcal/mol) than hit 2. Overall, the virtual and experimental data demonstrates that our screening approach has good potential in identifying APN inhibitors.

3.6. Computational studies of the binding modes {#sec0014}
-----------------------------------------------

To further study the binding modes of the two most potent hits (hits 2 and 3) to APN, it was docked into the bestatin-binding site of APN. The 2D interaction map of hit 2 with the active site of APN is represented in [Fig. 7](#fig0007){ref-type="fig"} A. The phenyl ring of hit 2 exhibited a cation-π stacking interaction with Arg381, while the nitrogen and oxygen atoms formed very important interactions with zinc ion and water molecules in the active site of APN. In addition, it established hydrophobic interactions with Phe472, Phe896 and Ala351. As shown in [Fig. 7](#fig0007){ref-type="fig"}B, the phosphinic acid group of hit 3 displayed a vital ionic interaction with zinc ion and hydrogen-bond interactions with Tyr477 and water molecules and two nitrogen atoms were engaged in hydrogen-bond interactions with Glu389 or water molecules. Moreover, this molecule also showed hydrophobic interactions with Ala353, Phe472, Ala351, Met354 and Val385. The understanding of the interactions between APN and the hits would be helpful to rationally design novel and potent APN inhibitors.Fig. 72D (two-dimensional) ligand-protein interaction diagrams for the binding site of APN with hits 2 and 3. (A) Hit 2. (B) Hit 3. The active site residues are represented as follows: polar residues in light purple, hydrophobic residues in green, acidic residues with a red contour ring, basic residues with a blue contour ring. Green and blue arrows indicate hydrogen bonding to side chain and backbone atoms respectively. The cation-π stacking interactions are represented in green dotted lines. Light-blue "halos" around residues indicate the degree of interaction with ligand atoms (larger and darker halos means more interaction). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion {#sec0015}
=============

In the present work, two pharmacophore models A and B were developed using structure- and common feature-based approaches. Both the pharmacophore models have provided the first insight into hypothetical ligand binding requirements for APN inhibitors. The validated results of *in vitro* enzymatic inhibitions on APN imply that pharmacophore-B composed of five features is better than pharmacophore-A in identifying potent APN inhibitors. The inhibition rates of the hits correlate with the fit values computed from the hypothesis and the docking scores. It is possible that searching of other commercial databases may result in the identification of other potentially more active APN inhibitors. We have shifted hits obtained from virtual screening to *in vivo* studies, the outcomes of which will be reported in the near future.
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[^1]: ${}^{a}\, GH = \left( \frac{Ha\left( {3A + Ht} \right)}{4HtA} \right)\left( {1 - \frac{Ht - Ha}{D - A}} \right).$
